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The forces needed to remove irregularly-shaped, 8 pm diameter. polyester particles 
from a polyester SllbStrdte were measured using an ultracentrifuge. Measurements were 
also made on a second set of similar particles where nanometer-size silica clusters had 
been placed on their surfaces. These silica clusters acted as  spacers, reducing direct con- 
tact between the particle and the substrate. I t  was found that the separation forces for 
the bare particles were consistent with predictions of the JKR theory of adhesion, but 
were much larger than could be accounted for from simple electrostatic interactions 
associated with either uniformly-charged particles o r  particles with localized charged 
patches. I t  was found, however. that the forces needed to effect separation decreased 
with increasing silica concentration. For particles with 2% by weight silica clusters 
on their surfaces, the separation force was only about 5% of the separation forces of 
the bare particles. At this concentration of silica, the estimates of the separation 
forces obtained from J K R  theory, from the uniformly-charged model, and from the 
localized-charged-patch model are all about equal. The numerical estimates are consist- 
ent with the experimentally-obtained values. 

K q w o r d ~ :  Adhesion; Irregularly-shaped polyester particles: Polyester substrate; Ultra- 
centrifuge; Charged particles; J K R  model; Uniformly-charged model; Localized- 
charged-patch model; Particles with sharp asperities 
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INTRODUCTION 

The nature of the interactions controlling the adhesion of irregularly- 
shaped, dry particles to substrates has been the subject of interest for 
many years [1,2]. Early work by Derjaguin [ 3 ] ;  Bradley [4,5] and 
Hamaker [6]  suggest that the force needed to separate a particle from 
a substrate is determined by surface energy considerations that are, 
in turn, related to the density of states of the molecules comprising 
the contacting materials. Subsequently, Lifshitz [7] argued that the 
surface forces are due to van der Waals interactions, which arise 
principally from the correlation of instantaneous dipole fluctuations 
occurring within the contacting materials [8]. 

Following the work of Krupp [8], numerous theories of particle 
adhesion were advanced. Among these, the model proposed by 
Johnson, Kendall and Roberts, hereafter referred to as the JKR theo- 
ry [9], seems to have gained a predominance in the literature over 
the others. 

According to the JKR theory, for a spherical particle of radius, R ,  
adhering to a substrate by surface forces, the separation of that parti- 
cle from the substrate occurs upon the application of an externally- 
applied load, Fs, such that 

where wA is the thermodynamic work of adhesion and is related to the 
surface energies, y P ,  and ys, of the particle and substrate, respectively, 
as well as their interfacial energy, y P S ,  by 

W'A = "iP f 7.S - 7 P . S .  

Assuming a reasonable value of w A  = 0.05 J/m2, one finds that Eq. 
(1) predicts a separation force of the order of lOOOnN for a particle 
with a radius of 5pm. This is in reasonable agreement with reported 
values [lo]. 

While it might appear at this point that particle adhesion is well 
understood, this is not the case. Indeed, several complicating fac- 
tors arise. The first is that particles are rarely perfect spheres. Rather, 
at  best, they tend to be spherical, but with surfaces bearing irregu- 

(2) 
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ADHESION OF 8 pM DIAMETER PARTICLES 285 

larities or asperities. As discussed by numerous researchers including 
Krupp [8]; Fuller and Tabor [ I  I]; Schaefer et cil. [I21 and Mizes [13], 
such asperities can significantly decrease the adhesion forces. 

The effects of particle geometry are, however, more complicated 
than simply treating particles as spheres, perturbed by the occurrence 
of asperities on the surface. Rather, particles are often formed by 
fracturing larger materials into smaller pieces. This results in their 
having highly irregular shapes, appearing somewhat similar to lumps 
of coal. Such shape factors can have a significant impact on the effects 
of surface forces. 

Another complicating factor is that particles often carry electrical 
charges and the resulting electrostatic forces can interact with neigh- 
boring substrates. The relative contributions of the electrostatic and 
van der Waals forces have been determined for spherical particles in 
several recent studies. Rimai et ul. [14] used electrostatic detachment 
to measure the separation force between spherical polystyrene parti- 
cles having diameters between 2 pm and 12 pm and a polyester over- 
coated conducting substrate and concluded that the contributions of 
the electrostatic force was substantially smaller than those arising 
from van der Waals interactions. In that study, it was assumed that 
the charge was uniformly distributed over the surface of the particles, 
which is reasonable for the highly-regular and spherical particles. 

In another series of experiments, Gady et al. [15 - 181 distinguished 
between the electrostatic and van der Waals contributions to the force 
of attraction between polystyrene spheres and a variety of substrates. 
In these studies, they attached the particle to the cantilever of an 
atomic force microscope (AFM). By measuring the deflection of the 
cantilever and its resonance frequency as a function of the particle- 
to-substrate separation, they were able to determine the power-law 
dependence of the separation on both the force and force-gradient. 
As the power-laws for the electrostatic and van der Wads  forces are 
different, they were able to ascertain that, for large separations ( >  3- 
IOnm), the force of attraction was dominated by a localized charge. 
This charge was, presumably, due to the contact between the particle 
and substrate that initially occurred during calibration of the dis- 
placement when the particle jumped into contact with the substrate. 
For smaller separations, the force of attraction was dominated by 
van der Waals forces. These results were confirmed by measuring the 
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separation distance where the particle-to-substrate jump-to-contact 
occurred and relating that distance to the spring constant of the can- 
tilever. It should be noted that, according to these studies, although 
the separation force was dominated by van der Waals interactions, 
electrostatic forces also contributed. This was especially noticed when 
the particle and substrate were comprised of materials having vast- 
ly different triboelectric properties. In that case, the separation force 
was observed to increase monotonically with the number of times 
the particle had been allowed to contact the substrate. Finally, there 
are effects that arise from the combination of the irregular shape of 
particles with their charge. Specifically, particles become charged 
through triboelectric interactions. As discussed by Hays [ 10, 19, 29. 
301, it would be quite difficult for particles to become charged in 
their crevasses or other recessed regions, where their surface cannot be 
contacted by other materials. The occurrence of the resulting non- 
uniform charge distribution was demonstrated by Hays during an 
experiment wherein 99 pm diameter particles were electrostatically 
detached from one electrode and deposited on another, which was 
parallel to, but separated from, the first by a gap. Associated with the 
traversal of the charged particles was a current, as would be expected. 
However, in addition to that current was a second current associated 
with the particles flipping during the transit. This was attributed by 
Hays to the occurrence of a dipole moment on the particle caused by 
a nonuniform charge distribution. 

A commonly-used method of measuring the adhesion force be- 
tween a particle and a substrate involves the use of an ultracentrifuge 
because of its ability to provide the high accelerations needed to de- 
tach micrometer-size particles from surfaces [8]. Goel and Spencer used 
ultracentrifugation to determine the force needed to detach toner par- 
ticles, between 5 and 35 pm in diameter, from photoreceptors used in 
copiers [20]. Subsequently, Mastrangelo [21] used ultracentrifugation 
to study the effects of smooth and irregular toner particles from hard 
and soft photoconductors. They found that smooth particles on soft 
substrates were held more tightly than were irregularly-shaped par- 
ticles on a hard substrate. 

More recently, Lee and Jaffe [22] measured the force needed to 
separate irregularly-shaped, 20 pm toner particles from a photo- 
conducting substrate using an ultracentrifuge. They found that the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
0
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



ADHESION OF 8 FM DIAMETER PARTICLES 287 

measured forces were in agreement with the values predicted assum- 
ing the dominance of van der Waals interactions. However, they ar- 
gued that an adhesion model per se could not possibly be correct for 
two reasons. First, they claimed that the van der Waals force model 
overestimates the force of attraction because the irregular shape of the 
particles resulted in the particles resting on asperities. Second, they 
also argued that the electrostatically-charged patches actually cause 
the electrostatic forces to be substantially larger than one would 
estimate assuming a spherical particle. 

However, as discussed by Bowling [23] such a contact may actual- 
ly increase the effect of van der Waals forces. This is because, if the 
irregular shape of the particle effectively causes the contact to look 
planar, rather than the “point” contact of a sphere on a plane, there 
would be an increase in the size of the van der Waals force adhering 
the two materials together. 

As should be readily apparent, the adhesion of irregularly-shaped 
particles to a substrate is a complicated problem. This paper examines 
the roles played by both van der Waals and electrostatic interac- 
tions for irregularly-shaped particles, approximately 8 pm in diameter, 
that had been formed by grinding a larger block of material. This pro- 
cess of formation results in particles that would look somewhat akin 
to coal particles, rather than highly-irregular particles having sharp 
asperities. This problem is of both fundamental and practical im- 
portance, as the particles closely resemble electrophotographic ton- 
er in size, charge, and shape. 

EXPERIMENT 

The force needed to separate nominal 8.5 pm diameter ground- 
polyester particles from a polyester substrate was measured using 
a Beckman LM 70 ultracentrifuge. In addition, similar particles 
were coated with substantially smaller silica particles, which served 
as asperities, and the removal force of the coated particles were also 
measured. 

The particles, which were similar to electrophotographic to- 
ners, were formed by grinding from a larger block of material and 
classifying the resulting particles to give the appropriate size. The 
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volume-weighted diameter of the particles was 8.6 pm, as determined 
using a Coulter Multisizer. Subsequently, the surfaces of the particles 
were coated with between 0% and 2%, by weight, of particulate sili- 
ca (Aerosil R972. produced by DeGussa, Inc.). These are shown in 
Figures IA, I B  and lC, respectively. The fundamental size of the 
silica, as reported by DeGussa, was approximately 16 nm. However, 
the silica tended to form agglomerates with a diameter of approxi- 
mately 60 nm, as determined from observation of field emission scan- 
ning electron micrographs. For clarity in this paper, unless otherwise 
mentioned, the term "particle" will be used to refer to the polyester 
particle. which is the subject of this investigation. 

The substrate consisted of a photoconducting polyester coating, 
approximately 20 pm thick, on a nickelized Estar (polyethylene ter- 
phthalate, produced by Eastman Kodak) support. The particles were 
deposited onto the substrate in a manner analogous to that used in 
an electrophotographic development process. In short, the particles 
were mixed with larger, magnetic carrier particles, against which the 

FIGURE I Field emission scanning electron micrographs (FESEM) of nominal 
8.6 pni, irregularly-shaped, polyester particles overcoated with O"/n(A). 1 %(B) and 
7%(C) silica (nominal cluster size approximately 60 nni). 
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particles tribocharged. The charge-to-mass ratio of the particles, mea- 
sured using standard techniques [24] was approximately - 37 f 3 pC/g 
for each of the sets of particles. 
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290 D. S. RIMAI ct a / .  

Monolayers of particles were deposited onto the substrate by 
loading the mixture of particles and magnetic carrier particles into a 
toning station, similar to one used in electrophotographic develop- 
ment, which comprised a rotating stainless steel cylinder and a coax- 
ial cylindrical core comprising a series of magnets. The conductive 
layer of the substrate was grounded and the shell biased in such a man- 
ner so as to result in the appropriate amount of particles being 
deposited onto the substrate. Typically, coverages of less than a mono- 
layer were used to  ensure that particle-substrate, rather than particle - 
particle, interactions were measured and to facilitate assessing the num- 
ber of particles present using image analysis methods. 

The adhesion of the particles to the substrate was determined by 
removing the particles in an ultracentrifuge capable of spinning at 
70,000 rpm. The initial number of particles on the substrate was 
determined by counting the particles observed through an optical 
microscope, using suitable image analysis software. Next, portions 
of the substrate were placed in the centrifuge and spun at the de- 
sired speed. The sample was then removed and the remaining par- 
ticles counted. This process was repeated for a series of increasing 
speeds. Centrifugation was performed in a low vacuum of approxi- 
mately lo-' torr (roughing pump vacuum). Initially, between 50% and 
60% of the substrate was covered with particles. 

RESULTS 

Figure 2 shows the percent of particles removed from the substrate 
as a function of the mean applied force produced by different centri- 
fuge speeds. Data for three silica concentrations, O%, 1 %  and 2%, 
are shown. The highest force corresponds to a rotational speed of 
70,000rpm on the centrifuge. As can be seen, the general shapes of 
the curves gradually change for increases in silica concentration. 
Without silica, the percent removed is nearly linear with the mean 
applied force over the range investigated. There is no tendency to 
reach an asymptote. With 2% silica, the curve rapidly rises and then 
curves to approach asymptotically 100% particle removal as the 
mean applied force is increased. The result for the particles contain- 
ing 1 'YO silica is between the other two curves, following the 0% result 
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FIGURE 2 The percentage of particles removed hy the ultracentrifuge as a function of 
removal force for three levels of silica: O%, solid circles; I YO, open circles; and 2%, solid 
triangles. 

TABLE I 
detach the particles from the substrate 

The measured and estimated forces, for various levels of silica. needed to 

Meusirrcd c/erut,hriimt f i ) r w  Esriniuted clc.ruclirwnr force 
Percent silicu OlN) from JKR rheorj, (nN) 

0 
I 
2 

970 
580 
39 

943 
507 
70 

initially and then rising as the centrifugation speed and, hence, the 
mean force is increased. Because there is a distribution in particle sizes, 
the larger particles would be removed first, as a qualitative view of the 
samples through an optical microscope suggests. 

The mean applied forces reported above were calculated by 
assuming that the particles were spherical polyester particles with a 
radius of 4pm and a mass density of 1.2g/cm3. The force needed to 
remove 50% of the particles, Ps, estimated at the 50% removal point, 
was determined to be 970nN, 580nN, and 39nN for the O%, 1% 
and 2% silica-coated particles, respectively. The measured and esti- 
mated detachment forces are listed in Table I. 
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DISCUSSION 

As is well known, there is much debate in the literature as to whether 
the force of adhesion of irregularly-shaped particles to a substrate 
arises predominantly from surface forces such as those due to van der 
Waals interactions or from electrostatic forces such as those aris- 
ing when charged particles polarize the substrate. For the case of a 
conducting substrate, this polarization would result in the particle 
generating its so-called image charge. The actual magnitudes of the 
two types of interactions depend on a number of factors including the 
conductivity or polarizability of the materials, as well as the size 
and shape of the particles. Therefore, i t  is unlikely that this issue will 
have a single solution for all possible cases. However, in-so-far as this 
paper addresses the adhesion of commercially-important, toner-like 
materials and many other commonly-found particles having similar 
shapes and properties, it is well worthwhile to attempt to resolve this 
issue for the present case. This is most readily accomplished by esti- 
mating the adhesional forces arising from both mechanisms. 

Let us first assume that the uncoated particles are spheres with a 
radius of approximately 4pm. The particle removal force, F,, can be 
calculated from JKR theory using Eq. (1). Assuming a reasonable 
value of w A  = 0.05 J/m2, the particle removal force is estimated to 
be 943nN. In light of the approximations made, this value is in rea- 
sonable agreement with the experimentally-obtained value of 970 nN. 

As previously mentioned, it can be argued that the apparent 
agreement between the measured force and that calculated from a 
surface-force model is purely coincidental, due to asperities actually 
reducing the surface forces. This issue will be discussed more fully 
later in this paper in relation to the effect of the silica on the sepa- 
ration forces. However, actual measurements of the contact between 
particles similar to these and planar substrates suggest that the pro- 
posed asperities serving as spacers does not actually occur in the 
present situation. Specifically, for irregularly-shaped particles, inde- 
pendent sets of measurements by Eklund [25] and by Bowen et al. 
[26] both report contact areas being of the order of 10% of the pro- 
jected cross-sectional area of the particles. In other words, experi- 
mental evidence suggests that intimate contact is established between 
particles similar to the ones used in this study and planar substrates 
and the particles are not resting on asperities that separate it from the 
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ADHESION OF 8 p M  DIAMETER PARTICLES 393 

substrate. This would be in direct contradiction to the assumption 
that the van der Waals forces are weaker than assumed in the 
spherical-particle approximation due to the spacer-effect of the asperi- 
ties. Therefore, it would appear that van der Waals interactions by 
themselves could readily account for the size of the observed separation 
force. 

I t  is also necessary to estimate the size of the electrostatic con- 
tributions to the total force of adhesion. Charged particles generate 
fields which are approximately radial, falling off with distance. Such 
fields will polarize neighboring dielectric materials. When the dielec- 
tric constant of the intervening medium is less that those of the par- 
ticle and substrate, the particle and substrate will attract each other 
[27,28], with the force of attraction varying with the difference 
between the dielectric constants of the materials and intervening 
medium. If  the particle and substrate were in intimate contact, there- 
by xcluding any intervening medium, the force would vary as the 
difference between the dielectric constants of the two materials. Un- 
fortunately, as discussed by Jones [XI, the problem of calculating 
either the electrostatic forces of attraction or separation between two 
dielectrics has not been solved. Therefore. the force of attraction be- 
tween a charged dielectric particle and a conducting substrate will be 
approximated instead. Because of the highly polarizable nature of an 
electrically-conducting material, this should actually overestimate the 
actual force of attraction arising from the electrostatic attraction 
between two dielectric materials, as will be seen. 

Even with the aforementioned assumption, such estimates are 
not simple to make, owing to effects arising from polarization and 
charge distributions. Details of this problem are presented elsewhere 
[lo, 291. However, for the sake of completeness, these issues will be 
discussed in brief herein. 

Let us now assume, for the time being, that the irregularly-shaped 
particles used in this study can be approximated as a dielectric sphere 
of radius, R. Let us further assume that each particle has a charge, 
4, uniformly distributed over its surface. The electrostatic image force 
of attraction, F,, between that particle and a conducting substrate is 
given by 
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When K = 4, representing a value of the dielectric constant 
appropriate for a typical polymeric particle, the value of a is 1.9 
[30]. In the present situation, however, the particle is not adhered to a 
conductor. Rather, the substrate comprises a relatively thick poly- 
meric layer whose dielectric constant is similar to that of the particle. 
Moreover, as previously discussed, experimental evidence argues that 
the particle-to-substrate contact is intimate and relatively large. In 
that case, where the dielectric constants of the two contacting materi- 
als are equal and there are no air gaps, cr = 1.0. Presumably, the pre- 
sent case would lie between these extremes. Using the values of charge 
to mass reported earlier, (- 37 f 3 pC/g, p = 1.2 g/cm')), it is then 
calculated that F, would be in the range of 20 to 40 nN, depending on 
the value chosen for a for the present particles. This value is far less 
than the measured force needed for detachment shown in Figure 2. 

However, as is discussed by Hays [lo], the charge on an irregularly- 
shaped particle may not be uniformly distributed over its surface. 
Rather, the charge is assumed to reside totally on the high spots of 
the particle. Accordingly, there would be a finite charge density on 
these spots and no charge elsewhere on the particle. In that instance, 
the electrostatic contribution to the force of adhesion, FE, is related 
to a surface charge density, cr, and the actual area of contact between 
the particle and substrate, Ac,  by [lo] 

Using Eq. (4) and assuming that the contact area is approxi- 
mately 10% of the cross-sectional area [25,26], one could simply solve 
for the charge density needed to give the measured removal force. 
Upon substitution, one finds that cr = 1.85 x 10-3coul/m'. Using a 
parallel-plate-capacitor approximation, one finds that this charge den- 
sity would result in an electric field of approximately 2.1 x 10' Vjm. 

The problem with a particle having a charge density resulting in this 
high an electric field is that the air between the particle and substrate, 
prior to the particle coming into contact with the substrate, cannot 
support the resulting field. Rather, there is a maximum electric field 
that air can support, which is generally referred to as the Paschen 
limit [31,32]. At fields above the Paschen limit, air spontaneous- 
ly ionizes and becomes conductive. This limit increases from about 
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3 x 1O6VV/m for large air gaps, as would occur when the particle and 
substrate are widely separated, to approximately 70 x 10'Vim for 
separations of the order of a micrometer. Exceeding the Paschen limit 
would result in the electrostatic discharge of the particle. In other 
words, it would be very difficult. if not impossible, for a particle to 
maintain this high surface-charge density. 

Alternatively, it is worthwhile to estimate FE within the confines 
of the Paschen limit. Again, this is not simple to do, as the Paschen 
limit decreases with increasing air gap. However, one could estimate 
the field around a charged particle using either a parallel-plate- 
capacitor approximation when the particle is close to a surface (say 
a few micrometers) or a spherical particle approximation for larger dis- 
tances. Moreover, if the field is less than the Paschen limit at  a sepa- 
ration distance of approximately lopin in air, the particle would be 
able to approach the surface of the substrate without discharging 
at other separation distances. I n  other words, the field associated with 
the charged particle would increase with decreasing air gap at a 
slower rate than would the Paschen limit. With a 10pm gap, air could 
support a field of approximately 3.5 x lo7 Vjm [32]. Moreover, the field 
would fall off sufficiently fast with distance so that the Paschen limit 
would not be exceeded. The calculated surface-charge density, under 
this assumption, would be approximately 3 x coul/ni'. Therefore, 
FE would be of the order of 30nN, which is consistent with esti- 
mates of F,. This result suggests that the charge on the particle is not 
highly localized but, rather, uniformly distributed. Therefore, the force 
of adhesion due to the presence of localized charged patches is much 
smaller than those contributions that can attributed to van der Waa- 
Is interactions, and certainly much smaller than the experimentally- 
determined separation force. 

As discussed in the literature [10,29]. if the separation force is 
determined by electrostatic interactions associated with localized 
charged patches, i t  is also necessary to discount the apparent role 
played by van der Waals forces. This is done by assuming that 
asperities on the particles separate the particles from the substrate, 
thereby weakening the van der W a d s  forces. This proposal can be 
readily tested by introducing asperities having a controlled size 
and distribution. This was accomplished in the present study by coat- 
ing the particles with particulate silica. 
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Even so, a precise determination of the effect of the silica on the 
particle-detachment forces will require a detailed knowledge of how 
the particle and the substrate contact each other and how that 
contact behaves under the influence of the surface forces. This de- 
pends on a number of factors such as the size and distribution of the 
silica, the shape of the particles, the range of the interactions, and 
the compliance of the materials. Despite these complications, one 
may still make some order-of-magnitude estimates of the detachment 
forces of the silica-treated particles. 

The percent of the surface coverage of the particles by the silica 
can be estimated by assuming both the particles and silica are sphe- 
rical. For the purpose of this calculation, it was assumed that the 
weight fraction of the silica is 1 % .  As previously indicated, the pri- 
mary particle size of the silica is 16 nm diameter. However, the silica 
tended to form clusters with an average diameter of about 60 nm. Us- 
ing p = 1.75 g/cm3 as the mass density of the silica and p = 1.2 g/cm3 
as the mass density of the particles, and knowing that the particles 
have a mean diameter of 8.6pm, the fraction of the surface area of 
the particles covered by silica clusters is estimated to be approximate- 
ly 25%. For 2% silica by weight, the area of the particles covered by 
silica was calculated to be 50%. These estimates are consistent with 
SEM micrographs of the silica-coated particles. 

Again, assuming that the particles are spherical, the contact radius, 
LIJKR. estimated using JKR theory, is given by 

where E is the Young’s modulus of polyester, approximately 3 GPa 
[33]. In the absence of silica, ~ J K R  = 196nm. This estimate is of the 
same magnitude as that reported by Bowen [26] for the contact of 
an irregularly-shaped particle with a substrate. Assuming a similar 
contact region exists when silica is present, it was then estimated 
that approximately 10 silica particles would be in contact with the 
substrate when the silica concentration is 2%. For the silica-coated 
particles, the separation force, F;, is then approximately given by 
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where n = 10 is the number of contacts and r = 30nm is the radius 
of the silica particle clusters. Assuming that the work of adhesion for 
silica to photoconductor remains at = 0.05 J/m2, upon substitu- 
tion it is found that F; = 70 nN. The experimentally-obtained value 
of Fk was approximately 39 nN. In view of the approximations made, 
the experimentally-obtained value is in reasonable agreement with 
that estimated. It is interesting to note that these values are also close 
to the estimated contributions of the electrostatic image charges to the 
total force of adhesion. This suggests that, for highly irregular parti- 
cles with many sharp asperities, electrostatic interactions associated 
with locally-charged patches can be significant factors in determining 
the separation forces. Indeed, observations have been made of micro- 
meter-size nickel particles on a silicon substrate [34], where the 
particles do indeed show the sharp asperities discussed. The electri- 
cal conductivity of the nickel, as well as the size and shape of the as- 
perities on the nickel particle, suggest that this particle might be a prime 
candidate for adhesion that is dominated by electrostatically-charged 
patches. 

The detachment force for the particles containing 1% silica was 
determined by the centrifuge experiments to be approximately 580 nN, 
or about an order of magnitude larger than the estimated image- 
charge contributions. One can conclude from this result that the 
number of asperities present at 1 %  was insufficient to decrease sig- 
nificantly the van der Waals attraction of an irregularly-shaped 
particle to a substrate. Indeed, if it is simply assumed that, with a 1% 
coating of silica, the particles were not totally separated from the 
substrate so that there is some, but not total, separation of the parti- 
cle from the substrate, then the separation force can be estimated by 
simply taking the mean values obtained from JKR theory. Accord- 
ingly, the estimated separation force for the particles with 1 %  silica 
was determined to be 507 nN, compared with the experimentally-deter- 
mined value of 580 nN. 

Unfortunately, owing to the rather complex nature of the particle- 
to-substrate contact and the possibility of statistical variations in par- 
ticle charge density, it is presently not feasible to estimate quantita- 
tively what the separation force should be under these circumstances. 
Indeed, with recent advances in finite element modeling software, this 
would be a suitable topic for future studies. 
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CONCLUSIONS 

The force needed to remove electrically-charged. ground 8.6 pm dia- 
meter polyester particles from a polyester substrate was measured 
using an ultracentrifuge. The size of the measured force was in good 
agreement with that estimated from van der Waals interactions, but 
was too large to be attributed to either forces arising from a uniform 
or localized charge distribution. The size of the force was found to 
decrease with an increasing concentration of asperities, as intro- 
duced by coating the surface of the particles with silica. As the concen- 
tration of silica approaches 2%, the separation force decreased to 
approximately 5% of that observed for the uncoated particles. At this 
concentration, the estimated contributions of the van der Waals and 
the electrostatic forces become comparable in magnitude. This suggests 
that, although the localized-charged-patch model does not appear 
valid for the present type of particle, it may be appropriate to describe 
the adhesion of highly-irregular particles with sharp asperities. 
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